At the interface between the sensory transduction system and the flagellar motor system of SalmoneUa typhimurium, the switch complex plays an important role in both sensory transduction and energy transduc-tion. To examine the function of the switch complex, we isolated from 10 cheY mutants 500 pseudorevertants with a suppressor mutation in one of the three genes (fliG,fliM, andfliN) encoding the switch complex. Detailed mapping revealed that these suppressor mutations were localized to several segments of each switch gene, suggesting localization of functional sites on the switch complex. These switch mutations were introduced into the wild-type background and into a chemotaxis deletion background. Behavior of the pseudorevertants and their derivatives (1,500 strains in all) was observed by light microscopy. In the chemotaxis deletion background, about 70% of the switch mutants showed smooth swimming and the rest showed more or less tumbly swimming. There was some correlation between the mutational sites and the swimming patterns in the chemotaxis deletion background, suggesting that there is segregation of functional sites on the switch complex. The interaction of the switch complex with the chemotaxis protein, CheY, and the stochastic nature of switching in the absence of CheY are discussed.
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Chemotactic bacteria such as Salmonella typhimurium swim with alternating intervals of swimming and tumbling (reviewed by Macnab [14] ). Both modes have been shown to be essential to taxis: mutants that exclusively use one or the other mode fail to respond to environmental stimuli. Bacteria swim by rotating flagellar filaments driven by rotary motors (flagellar motors) embedded in the cell surface. A cell swims smoothly when all flagella are rotating counterclockwise (CCW), resulting in the formation of a flagellar bundle. Tumbling is a consequence of the disruption of the flagellar bundle caused by reversal of the rotation of flagella. The duration of the reversal, i.e., the period of clockwise (CW) rotation of a flagellum, varies according to the strength of the stimuli experienced by the cell. Unstimulated wild-type cells randomly switch the direction of flagellar rotation.
The flagellar basal body, a multisubunit complex at the base of the flagellum, is a major part of the flagellar motor (1, 15) . However, it is not the entire motor because it lacks many proteins, including FliG, FliM, and FliN, which are indispensable for the generation of torque and for reversal of the direction of rotation; defects can result in abnormal switching (Che-), paralysis (Mot-), or lack of flagella (Fla-) (29) . (The nomenclature for the flagellar genes of Escherichia coli and S. typhimurium has been recently unified [8] ; the S. typhimurium switch genes fliG, fliM, and fliN were formerly called flaAII.2 [ or che VI, flaQ [or cheC] , and flaN, respectively.)
As one missing part of the motor, Yamaguchi et al. (29) have proposed a structure composed of the FliG, FliM, and FlN proteins, which works as a switching and energytransducing complex (switch complex). Ravid and Eisenbach (22) found that the cell envelopes, which retained intact flagella but were devoid of cytoplasm, prepared from afliM mutant and afliG mutant still retained the tumbly nature of the parent cells, indicating that those gene products were associated with the cytoplasmic membrane. The idea that * Corresponding author.
the switch complex might be located at the cytoplasmic face of the cell membrane was supported by the analysis of the deduced amino acid sequences of the switch genes (11) . However, the physical existence of the switch complex has not been demonstrated either morphologically or biochemically (1, 15) .
The flagellar genes of S. typhimurium are clustered in four regions of the chromosome; the switch genes (fiG, fliM, and fliN) are in region III, and the chemotaxis (che) genes are in region II (8, 14) . The che genes encode most of the components of the sensory transduction system, and the roles of several Che proteins in the flow of information from chemoreceptors to the flagellar motor have been revealed (reviewed by Stewart and Dahlquist [25] , Koshland [12] , and Stock et al. [26] ). In the last step of sensory transduction, a signal is transmitted to the flagellar motor, causing the motor to rotate in the CW direction and cells to tumble. Several lines of evidence indicate that CheY is this tumble signal. If CheY is absent from an otherwise wild-type cell, the motor rotates CCW exclusively (27) . Parkinson et al. (20, 21) showed that in E. coli, most intergenic cheY and cheZ pseudorevertants contained compensatory mutations in the fliG orfliM locus and that the suppression between the che genes and thefla genes was at least partially allele specific, suggesting physical interactions between the CheY and CheZ proteins and the motor components. Yamaguchi et al. (28) expanded on their work using S. typhimurium and also came to the conclusion that the CheY and CheZ proteins probably bind directly to the switch complex, which they further showed was composed of the fliG,fliM, andfliN gene products. Interaction between CheY and two of the switch components was also demonstrated by analysis of the behavior of various fliG and fliM mutants in various genetic backgrounds by Wolfe et al. (27) . Furthermore, they showed that CheZ counteracted the effects of CheY at the level of the motor. This relationship among CheY, CheZ, and the be phosphorylated and that CheZ specifically dephosphorylated CheY, suggesting that the phosphorylated form of CheY might be the tumble signal.
To elucidate the mechanism of the switch complex in detail, it is desirable to examine the behavior of various mutants of the switch genes. Koshland Mapping was carried out in two steps. First, to determine in which region their suppressor mutations were, pseudorevertants were subjected to transductional crosses with longdeletion mutants whose deletions together cover flagellar regions I, II, and III. Then, to determine the precise location of suppressor mutations, pseudorevertants shown to have suppressor mutations in region III were subjected to crosses with a series of deletion mutants having deletion ends in region III (for the detailed deletion map, see reference 29).
Introduction of cheY suppressor mutatios into a strain with wild-type che genes and into a strain with no che genes. The cheY suppressor mutation from each pseudorevertant was transduced into nonflagellate strains SJW2339 A(fliE-fliN) and SJW3077 A(cheA-cheZ) A(fliE-fliN); SJW3077 was constructed by introducing the deletion from SJW2339 A(fliEfliN) into SJW3076 A(cheA-cheZ) ( Table 1 ). The procedure is summarized in Fig. 1 .
Transduction and isolation of transductants were performed essentially by the method of Yamaguchi et al. (29) . Equal volumes of a culture of SJW2339 or SJW3077 (ca. 1010 cells per ml) and of a P22 int suspension (ca. 1010 PFU/ml) that had been grown on a pseudorevertant were mixed and applied as a line (15 ,ul per line) onto a soft nutrient agar plate and incubated overnight at 37°C. Fla' transductants that appeared as swarms (sizes varied with the donor pseudorevertant) were isolated and tested for P22 sensitivity. P22-sensitive clones were then examined for the presence of the donor suppressor mutation by transductional crosses with deletion mutants used for mapping of the suppressor mutations.
Characterization of motility patterns of pseudorevertants and constructed strains. Free-swimming cells were observed by phase-contrast microscopy and high-intensity dark-field light microscopy (7, 13) . Tethered cells were prepared and examined by the method of Manson et al. (17) . Motility tracks (1-s exposure) of free-swimming cells were recorded by using a phase-contrast microscope (Olympus BH-2) and a Polaroid camera (type 665 film) or an SIT video camera (Hamamatsu Photonics C1000), an image processor (Avionics Image Sigma IS-100), and a monitor TV (Hamamatsu Photonics C2130). RESULTS cheY suppressor mutations outside of the che gene cluster are localized to the switch genes. We isolated 10 che Y mutants that had mutations in various segments of the gene (Table 1) ; of the cheY mutations, one (that of SJW3064) was spontaneous; the remainder had been obtained as second-site suppressors offliG orfliM switch mutations obtained either in this study or in a previous one (28) . All of the che Y mutants swarmed poorly but gave rise to revertants of various swarm sizes. Those that spread more rapidly than the parent but less rapidly than the wild-type strain were presumed to be pseudorevertants. From each che Y mutant, 72 to 184 pseudorevertants were isolated, to yield a total of 1,225. Genetic analysis showed that about half of the secondsite che Y suppressor mutations mapped to the che gene cluster and that most of these lay in cheY, i.e., were intragenic suppressors; the remainder were in other che genes (possibly cheZ or cheA) but were not investigated further.
All of the other suppressor mutations (578 in all) mapped to flagellar region III (Table 2) cheY suppressor switch mutations are localized to several hot spots within the switch genes. The sites of che Y suppressor mutations were not evenly distributed within the switch genes but were localized in a few segments (defined by deletion endpoints; 29) (Fig. 2) . Segments 5 and 6 of fliM (fliM-5 and fliM-6) contained more than half of them (125 and 144, respectively). fliG-9 and fliM-19 also contained many mutations (56 each).
Different che Y parents tended to give different distributions of suppressor mutations. For example, SJW2903 (Table 3) and SJW3064, SJW3066, SJW3068, and SJW3069 (not shown) gave rise to many suppressor mutations infliM-6 and fliM-19 but few in fliM-5 and fliM-18. At the other extreme, SJW3062 (Table 3 ) and SJW2906 and SJW3063 (not shown) gave rise to few infliM-6 andfliM-19 and many infliM-5 and fliM-18. SJW2908 (Table 3) Transfer of switch mutations into other genetic back. grounds. We transferred the che Y suppressor mutations into two other genetic backgrounds: (i) a wild-type strain, in order to characterize the interaction of switch defects with wild-type CheY protein, and (ii) a strain deleted for all chemotaxis genes, in order to determine the intrinsic properties of the switch defects in the absence of interaction with the chemotaxis system.
Hereafter we focus on the switching function of the gene products and therefore describe the che Y suppressor mutations as switch mutations. To simplify the presentation, we adopt the following shorthand nomenclature: strains carrying the switch mutation in the original mutant cheY background (i.e., pseudorevertants) are called Sw(CheY-) mutants; those in a wild-type cheY background are called Sw(CheY+) mutants; and those in the che deletion background are called Sw(AChe) mutants.
Classification of swimming patterns of switch mutants. Because of the large numbers of switch mutants to be tested, we observed the swimming patterns of free cells rather than the switching probabilities of tethered cells. Before describing the results in detail, it is necessary to define the swimming patterns clearly.
By convention, there are four classes of swimming patterns: smooth, normal (wild type), tumbly, and inverse smooth, corresponding to progressively increased CW bias (9, 10) . In the course of examining many mutants, we noticed that among tumbly mutants, there were really two distinguishable patterns: cells of one type jumped rapidly from one spot to another with little long-term displacement (perhaps the "twidding" described by Manson et al. [18] ), whereas those of the other type appeared to tumble vigorously in one spot. Analysis of tethered cells of 10 tumbly mutants chosen randomly showed that the latter type of cells were more CW biased than the former. Instead of introducing additional terms, we use a scale from I to V to describe these motility patterns according to the degree of tumbliness (CW bias): I, cells that swam smoothly and never tumbled; II, cells with wild-type behavior, i.e., swimming punctuated by tumbling; III, cells that jumped about from one spot to another; IV, cells that tumbled in one spot; and V, cells that swam slowly but tumbled with about the same frequency as wild-type cells; these cells were using inverse swimming as a result of a high CW bias (10) .
The differences between adjacent swimming patterns was not always easily distinguished. Therefore, to be as consistent as possible, only one of us (Y.M.) judged these patterns. Figure 3 shows motility tracks of cells exhibiting these five classes of swimming patterns. Although the patterns do not represent the exact CCW/CW ratio of the motor, they do reflect it semiquantitatively. (Incidentally, differences between mutants that could be detected by inspecting cells in the light microscope were not necessarily detected as differences in swarming rates on soft nutrient agar plates.)
Comparison of swimming patterns of switch mutants. All of the parental che Y strains swam smoothly without tumbling (class I), whereas the switch mutants showed a variety of swimming patterns, ranging from smooth swimming (class I) through inverse swimming (class V), as shown in histogram form for all mutants in Fig. 2 and in more detailed form for three representative mutants, SJW2903, SJW2908, and SJW3062, in Table 3 .
Generally, Sw(CheY+) mutants were tumbly, Sw(AChe) mutants were more smooth swimming, and Sw(CheY-) mutants were somewhere in between. Typically, the degree of tumbliness of a Sw(CheY+) mutant was about one step greater than that of the corresponding Sw(CheY-) mutant, which in turn was about one step greater than that of the corresponding Sw(AChe) mutant; e.g., if the Sw(CheY+) mutant fell in class III, often the corresponding Sw(CheY-) mutant fell in class II and the corresponding Sw(AChe) mutant fell in class I. In some cases, the differences were as large as two steps, whereas in others the differences were too small to be scored. In a few cases (e.g., fliM-18 mutants derived from SJW3062; Table 3 ), the differences were so small that even the Sw(CheY+) and Sw(AChe) mutants fell in the same class; this was especially true when the motility was very tumbly (e.g., class IV).
Some switch mutations introduced a sufficiently strong CW bias that Sw(CheY+) and Sw(CheY-) mutants exhibited inverse motility, but in no case did this extend to a Sw(AChe) mutant.
Although most of the mutant switch complexes seemed to be quite stable as judged by swimming patterns, they did give some evidence of defective rotation, with cells pausing or slowing down more frequently than did the wild type (S. Kudo, personal communication). This may be a consequence of their higher reversal frequency (cf. Eisenbach et al. [5] ).
Relationship between parent, switch mutational site, and swimming pattern. Different cheY mutants tended to give rise to different spectra of phenotypes. A good example of this was the occurrence of inverse motility, which was not seen at all with suppressor mutations derived from most cheY parents but was seen with high frequency with two parents, SJW3064 and SJW2906, which yielded 19 and 10 examples, respectively.
The different spectra were also strikingly seen by comparing the phenotypes of Sw(AChe) mutants from various backgrounds. Of the 500 mutants, 70% were smooth swimming and the remainder were more or less tumbly (Fig. 2C) . Most of the former derived from cheY strains SJW2903, SJW2908, SJW3064, SJW3066, SJW3068, and SJW3069, whereas most of the latter derived from strains SJW2905, SJW2906, SJW3062, and SJW3063. This classification of phenotype by cheY parental origin agrees fairly well with that noted above for the different distributions of suppressor mutations in the switch genes as The swimming pattern of each mutant (cf. Fig. 3 ) is indicated by different patterns (see key) such that those at the bottom of bars are more tumbly than those at the top. I  SJW3062  1   III  I  I  2   III  I  I  3   III  II  I  4   III  II  I  5   III  II  I  6   III  II  I  7   III  II  I  8   III  II  I  9   IV  II  I  10   IV  II  I  11   IV  III  I  12   III  II  I  13   III  II  I  14   IV  III  II  15   IV  III  II  16   IV  III  III  17   III  I  I  18   III  I  I  19   III  II  I  20   III  II  I  21   III  II  I  22   III  II  I  23   IV  III  III  24   IV  III  III  25   IV  IV  IV  26   III  I  I  27   III  II  II  28   II  II  I  29   I  I  I  30   II  I  I  31   Continued   fliM-5   fliM-5  fliM-5 II   II  I  III  I  I   III  II   I   III   II  I  III  II  I  IV   III  II   IV   III  III   IV  IV   IV  II   I  I  II  I  I  II  I  I  III  II  I  III  II  I   III   II  I  III  II  I  III  II  I  III  II  I   III   II  II  IV  III  I   III   II  II  III  II  I  III  II  I   IV   IV  IV   IV  IV  IV  II  I  I  II  II  I  II  II  I  II  II  I  III  I  I  III  II  I  III  II  I  III  II  I  III  II  I  III  II  I   I  II  I  II  I  I  II  II  II  III  I  I  III  II  II   V  IV  IV  III  II  II  IV  III  III  IV  III  III  I  I  I  III  I  I  III  II  I  III  II  I  III  I  II  III  II  II  III  II  II  III  II  II  III  II  II  III  II  II  III  III  II  III  III  III  III  III  III  IV  III  II   IV  III  III  IV  III  III  IV  III  III  IV  III  III  IV  III  III  IV  III  III Continued on following page Table 4 ). However, a few (e.g., strain 39) failed to respond to either stimulus, suggesting that the switch complex was so altered that it was unaffected by wild-type CheY.
Allele specificity of the CheY-switch interaction. To examine the allele specificity between mutations in the cheY and switch genes, 18 different switch mutations were introduced into a variety of cheY mutant backgrounds, and the swarm sizes of the resulting double mutants on soft nutrient agar plates were measured (Fig. 4) . Sizes ranged from those of the cheYparents (ca. 4 mm) up to about 30 mm, roughly half that of wild-type cells. For any given switch mutation, the swarm size also varied according to the cheY allele. For example, switch mutation 38 originating from cheY parent SJW2903 was effective in combination with some cheY alleles (e.g., those of SJW2903, SJW2905, and SJW2908) but not with others (e.g., those of SJW2906, SJW3062, and SJW3063). Interestingly, although the parental allele (e.g., the one giving rise to the switch mutation in the original pseudorevertant) tended to be fairly effective, it was not necessarily the most effective; for example, switch allele 47 (in fliM-19) originating as a suppressor of SJW3062 yielded better swarming in combination with the cheY alleles of SJW2903, SJW2905, or SJW2908. The mutant che Y alleles from strains SJW2903, SJW2905, and SJW2908 generally combined most effectively with those switch mutations which (in the che deletion background) were associated with the smooth-swimming phenotype. Conversely, mutant che Y alleles from strains SJW2906, SJW3062, and SJW3063 combined most effectively with switch mutations associated with the tumbly phenotype. This subclassification of the che Y strains closely resembles the one described above, which was based on the spectra of switch mutant phenotype generated in the original pseudorevertant isolation.
Overall, these results imply that there is some allele specificity between che Y and switch mutations but that it is not so narrow as to correspond to a unique specificity between one allele and another, but rather between groups of che Y alleles and groups of switch alleles, the latter being distributed among all three switch genes. Similar results have been reported for E. coli by Parkinson et al. (21) .
The weak allele specificity between CheY and the switch contrasts with the strong specificity found among the switch proteins themselves (28) , which has been used as evidence for the existence of a switch complex.
DISCUSSION
The switch complex, which is a major missing component of the flagellar motor as it is currently isolated, has been studied by analyzing the swimming patterns of switch mutants in a variety of backgrounds. Since the yield of spontaneous che switch mutants by conventional methods (29) is low, we adopted the strategy used by Parkinson et (Fig. 4) .
The fact that about 30% of the Sw(AChe) mutants exhibited some degree of tumbling underscores the fact that the flagellar switch has an intrinsic capacity to rotate in the CW as well as the CCW direction, perhaps switching between the two as a result of thermal fluctuations, as was suggested by Macnab and co-workers (9, 16 In this regard, it is interesting to consider the results of the allele specificity analysis (Fig. 4) . These 
